Abstract. Hydromagnetic surface waves along a moving compressible plasma surrounded by a stationary plasma medium are investigated. The surface waves propagating along a cylindrical column should decay in amplitude, in a direction normal to the interface, i.e radially. Waves with amplitude proportional to the Bessel function J 1 (x) and Hankel function H 1 (x) do not, generally, represent a surface wave as reported by Satyanarayanan. The correct dispersion relation for a cylindrical plasma column with steady flow is obtained and the results are discussed for the isolated photospheric flux tubes, coronal streamers and solar wind flow tubes. It was found that while flux tubes support surface waves, the coronal streamers and solar wind flow tubes do not support surface waves for the parameters we have chosen.
Introduction
Hydromagnetic surface wave (HSW) propagation on the solar atmosphere has been discussed by several authors, Wentzel (1979) , Roberts and Webb (1979) , Somasundaram (1980, 1982) , Roberts (1982, 1983) , Somasundaram and Satyanarayanan (1987) . Surface waves, in reality, are interfacial waves. By convention all interfacial waves are referred to as surface waves. Surface waves differ distinctly from the bulk or body waves in amplitude of vibration. At a plane interface, the amplitude of a surface wave decreases exponentially, in a direction normal to the interface, while the amplitude remains constant along the interface. Inside a slab (Roberts 1981 , Edwin and Roberts 1983 , Somasundaram et al 1994 , Nakariakov and Roberts 1995 , Somasundaram 1997 ) the amplitude of a surface wave decreases as cosh(x) or sinh(x) whilst decreasing exponentially outside the slab. In cylindrical geometry (Roberts and Webb 1979 , Uberoi and Somasundaram 1982 , Edwin and Roberts 1983 ) the wave amplitude decreases as I 1 (x) inside and K 1 (x) outside, where I 1 and K 1 are modified Bessel functions of order one. Satyanarayanan (1991, referred hereafter as SN) has studied the surface wave propagation along a compressible moving cylindrical flux tube. The surface wave has been shown to have an amplitude proportional to J 1 (x) and H 1 (x), where J 1 and H 1 are Bessel functions of order one. The reported results do not generally represent surface waves, but represent body waves. An analysis of his results shows that the dispersion curves obtained by SN were not correct. We, therefore, in this paper obtain a correct dispersion relation and present our results. The results are discussed for flux tubes, coronal streamers and solar wind flow tubes.
Dispersion relation
Consider a compressible, non-viscous, infinitely conducting cylindrical plasma column (medium-1) of radius 'a' moving with a steady velocity 'U ' parallel to the axis of the cylindrical column surrounded by a stationary compressible, infinitely conducting and non-viscous plasma (medium-2), embedded in a magnetic field along the axis of the plasma column (figure 1). The magnetic fields inside and outside the column are B 01 and B 02 , respectively, and the densities are ρ 01 and ρ 02 , respectively. Solving the linearized hydromagnetic equations, for perturbations of the form f (r, ϕ, z, t) ≡ f (r) exp{i(kz + lϕ − ωt)} and applying the boundary conditions such that (1) the total pressure is continuous and (2) the transversal displacement is continuous, it was shown that the dispersion relation for HSW is (equation (2.6) of SN)
where
where = (ω − kU ), V A1,2 are the Alfven wave velocities, s 1,2 are the sound velocities in medium 1 and 2, respectively, and the primes denote the derivative of the Bessel function with respect to the radial direction 'r'.
Discussion
The appearance of the Bessel functions J 1 and H 1 shows that the amplitude of any field component R of this wave should have been of the form
If m 1,2 are real, then both functions represent a cylindrical wave that does not decay radially. Therefore, the results discussed and the dispersion curves given by SN are not for HSW as claimed, but represent only the bulk or body wave (Edwin and Roberts 1983) . However, in our earlier version of this paper, this fact was not only suspected, but was also considered as an erroneous concept. Therefore, to make things clear we present below a simple analysis of the dispersion relation (2.1).
For a wave to qualify as a surface wave, the amplitude must decay in a direction normal to the interface. In a cylindrical column, the amplitude must decrease in the radial direction. Therefore, it is quite natural to consider the wave amplitudes given in (3.1) in the following form
where I 1 (n 1 r) and K 1 (n 2 r) are modified Bessel functions of order one,
3)
The correct dispersion relation for the HSW using (3.3) in (2.1) is obtained as
For a surface wave the factors n 2 1 and n 2 2 should both be positive. Equation (3.4) will have real roots only if the two factors
] are of opposite signs as n 1 , n 2 and F 1 (n 1 , n 2 , a) are always real and positive. This implies that the phase speed ω/k of the HSW should be
(3.5)
Normalizing equation (3.4) with V A1 we get
The normalized sound speed of medium-2 is obtained using the total pressure balance condition
where γ is the ratio of specific heats of the plasma and is taken as (1/ka) = 0 • . The regions marked as P 1 and P 2 in figure 2 are regions that satisfy the surface wave conditions. We note from equation (3.6) that the normalized phase velocity of the HSW can only be between 1.5(1 + V ) and 1.732 (V A2 /V A1 = α 2 /η). Furthermore, we note that the inequality condition (3.5) is also applicable to SN, irrespective of the definition of m 1,2 and n 1,2 . This means the roots of the dispersion relation (2.1) of SN should also have been between 1.5 and 1.732. A look at figure 2 of SN shows that the root obtained for θ = 0
• lies below 1.3. This means that even if SN assumed that the arguments of m 1 and m 2 are imaginary, then the roots shown are not correct. To confirm this we considered a point in figure 2 of SN, for θ = 0
• , at S 1 /V A1 = 2 and computed m 1,2 and the dispersion relation by varying the value of ω/(kV A1 ) from 0.8 to 1.3. We found that m 1 and m 2 are pure imaginary, but the dispersion relation had real negative values, far away from zero. The value of the dispersion relation of SN should be zero near ω/(kV A1 ) = 0.9 as per his figure 2. This indicates that the curves shown in figure 2 of SN are not correct. Similar calculations were carried out for θ = 63.4
• , 75.96
• and 80.53
• . We found that the roots presented in figure 2 of SN are also not correct. Therefore, we analyse the dispersion relation (3.6) and report our results in the following section. The plots of the roots of the dispersion equation (3.6) for θ = 0
• (l = 0, sausage mode) and for θ = 63.4
• (l = 1, kink mode), which are superimposed on figure 2, are shown in figure 3 with the same parameters shown in figure 2. The modes l 2 are called fluting modes and are not considered in our discussion.
The HSW can exist in regions marked P 1 and P 2 shown in figure 2. We note from figure 3 that for θ = 0
• (l = 0) only the fast HSW is present in the P 2 region. For θ = 63.4
• (l = 1) both the slow and fast HSWs appear in the regions P 1 and P 2 .
Applications
We apply the general results obtained for three cases, the isolated photospheric flux tubes, coronal streamers and solar wind flow tubes.
Isolated photospheric flux tubes
Consider an isolated photospheric flux tube. The outer medium is moving with a velocity U and the inner medium is stationary. The outer medium (medium-2) is field free (B 02 = 0). The appropriate dispersion relation (obtained in a similar way as that of equation (3.4)) is given by where
When ka → 0, the dispersion relation (4.1) reduces to ω kV A1 = 1 (sausage mode l = 0) (4.2) and
where C k /V A1 was interpreted as the mean Alfvenic speed of a transversal (kink) mode, by Edwin and Roberts (1983) , for V = 0. When ka → ∞ the dispersion relation (4.1) reduces to the same equation, (4.3), for both sausage and kink modes. In the case of V = 0, (4.3) becomes
Equation (4.4) represents the phase velocity of a surface wave at a plane interface (Hasegawa and Uberoi 1982) . Taking the appropriate parameters for an isolated photospheric flux tube (Nakariakov and Roberts 1995) as α 2 = 0, η = 2.27 and C 1 /V A1 = 0.6667, the numerical solutions of the Roberts (1983) . The fast sausage and kink modes behave like that of the fast modes of the slab geometry discussed by Nakariakov et al (1996) , but the slow kink mode starts from C k /V A1 instead of zero. Hence, the slow kink modes have a forbidden zone for their propagation. When there is flow in the external medium (V = −0.15) opposite to the wave propagation, the fast HSW modes disappear and the phase speed of slow sausage modes starts from C T1 /V A1 as if there is no flow, but the phase speed of the kink mode is reduced. As ka increases, the phase speeds of both slow modes reach the same value but less than that of the value for V = 0. As the flow velocity increases further (V = −0.293) the phase speed of the slow sausage mode also reduces and starts from C 2 /V A1 + V instead of C T1 /V A1 . By observing figures 4(a)-4(c) the regions of propagation are given by
for the slow mode. (4.5)
Interestingly we note that the phase speed of the slow kink mode increases from C k /V A1 as ka increases up to ka = 0.644 for V = −0.15, and 0.7 for V = −0.293 and then decreases to C k . There is no long wavelength cut-off for the slow kink HSW in an isolated cylindrical flux tube, whereas it is reported in the slab geometry by Nakariakov and Roberts (1995) .
Coronal streamers and solar wind flow tubes
For coronal streamers with the physical parameters α 2 = 1.094, η = 0.175 and C 1 /V A1 = 0.3 (Nakariakov and Roberts 1995) for V = 0, 0.21 and −0.35, we computed the roots of the dispersion relation (3.6) and found that there are no roots. Therefore, coronal streamers with these parameters do not support HSWs. For the solar wind flow tubes with physical parameters α 2 = 1.38, η = 0.583 and C 1 /V A1 = 1 (Nakariakov et al 1996) there are no surface waves, but body waves are possible.
Conclusion
Waves with amplitudes of the form J 1 (x) and H 1 (x) along cylindrical columns with real x cannot represent surface waves. Waves with amplitudes of the form I 1 (x) and K 1 (x) with real x can only represent radially decaying waves and qualify to be a surface wave. The phase speed of fast and slow HSW modes lies between min (V A1 + U , V A2 ) and max (V A1 + U , V A2 ). In an isolated photospheric flux tube with parameters α 2 = 0, η = 2.27 and C 1 /V A1 = 0.6667 the fast HSW propagates with a phase speed between C T1 and min (V A1 , C 2 + U ). The long wavelength cut-off present in slab geometry is absent in a cylindrical column. The phase speed of the slow kink mode at very long and very small wavelengths remains at the mean Alfvenic speed. The slow kink modes show an interesting property, that at about ka = 0.65 they attain a maximum phase speed. Coronal streamers with physical parameters α 2 = 1.094, η = 0.175 and C 1 /V A1 = 0.3 for V = 0, 0.21 and −0.35 and the solar wind flow tubes with physical parameters α 2 = 1.38, η = 0.583 and C 1 /V A1 = 1 do not support HSW. The possibility of negative energy waves in the flux tubes, as reported by Joarder et al (1997) , are under study and will be reported separately, soon.
